through a capillary network. The second type of communication was in the superior anterior portion of the atrial baffle, incorporating the pectinate muscles of the right atrium, draining into the neoleft atrium. These channels were shorter and -often fanned out into small vessels toward the right atrial appendage. In each instance, the shunts were in the superior suture line of a lateral tunnel modification of the Fontan procedure. The third type of communication originated from the inferior vena cava, connecting inferior phrenic veins to pericardial veins and subsequently to the left atrium, at or close to the ostium of the left pulmonary veins. Before device occlusion, the room air aortic oxygen saturation was 88(SD 4)% (range 84% to 94%), and increased to 95(3)% (range 91% to 100%) following occlusion (PL < 0.001). The The occluder delivery system was introduced from the right atrium, across the communications, and the channels were occluded with a variety of devices. After occlusion either selective or right atrial axial angiography was repeated to confirm occluder position and the extent of any residual or additional shunts. The right atrial pressure and aortic oxygen saturation were measured before and after occlusion.
Two vascular occluding implants were employed: a double umbrella (USCI double umbrella occluder, Bard) or a spring stainless steel coil (Gianturco type, Cook). Two sizes of umbrella device were used, a 12 mm or a 17 mm prosthesis. The delivery system modification and transcatheter occlusion technique were similar to that for closure of the persistently patent ductus arteriosus as described previously.'01' Several sized occluding coils were also used (MWCE-35-3-3, MWCE-35-3-5, MWCE-35-5-5), and delivered using a 5F right coronary catheter (Cordis) positioned within the communicating vessels. The coil was implanted coaxially with an 0035 inch guidewire ( (patients 1 and 2, fig 1) . The second type was in the superior anterior portion of the atrial baffle, incorporating the pectinate muscles of the right atrium and draining into the neoleft atrium. In these patients, the communications fanned out into small channels toward the right atrial appendage. In each instance, the shunts were in the superior suture line of a lateral tunnel modification of the Fontan procedure (patients 3 to 7, fig 2) in which the right atrial appendage was incorporated into the left atrium. The third unusual communication was identified in only a single patient; this had vascular channels originating from the inferior vena cava connecting the inferior phrenic veins to the pericardial veins and subsequently to the left atrium, at or close to the ostium of the left pulmonary veins (patient 8, fig 3) .
SHORT TERM RESULTS
Before device occlusion, the aortic oxygen saturation was 88%(4)% (range 84% to 94%), and the right atrial pressure was 14(4) mm Hg (range 10 to 23 mm Hg). All devices were successfully positioned within the venous communications. After occlusion, the aortic oxygen saturation increased to 95%(3)% (range 91% to 100%) (P << 0001). There were no significant changes in right atrial pressure after test occlusion or device implantation, and right atrial angiography showed appropriate positioning of all implants. In six patients there was complete shunt obliteration, while in two patients, in whom umbrella devices were used, a small residual right to left leak persisted. No complications were encountered during or immediately after catheterisation.
CLINICAL FOLLOW UP
The median follow up time was seven months (range one to 17 months). Colour flow Doppler echocardiography (n = 3) or catheterisation (n = 2) was performed to assess residual shunt flow in these patients. In patient 8, although multiple coil embolisations were performed in the majority of venous channels, there remained several unoccluded feeder vessels to the left atrium, and cyanosis (aortic oxygen saturation 87%) recurred. Repeat cardiac catheterisation performed after a four month interval documented a stenotic atrial-pulmonary connection, not apparent from the previous angiographic study. A stent was implanted into this area, after which the mean right atrial pressure fell from 22 to 18 mm Hg, and aortic oxygen saturation increased to 95%. Of the two patients (patient 3 and 6) with small residual leaks, patient 3 redeveloped cyanosis (aortic oxygen saturation 88%) after 12 months, and cardiac catheterisation showed a persistent right to left shunt through or around the previously positioned implant. A second 17 mm double umbrella device was positioned with complete occlusion. At six months follow up, the aortic oxygen saturation was 93% at rest, and with exercise testing 92%, and echocardiographically no residual shunting could be identified. In patient 6, recurrent cyanosis (aortic oxygen saturation 87%) was evident by three months follow up, although echocardiographically no interatrial shunt could be identified, probably because of the oblique orientation of the communication.
Exercise testing was performed 17 months after initial implantation, and the aortic oxygen saturation was found to be 87% at rest, falling to 72% during exercise. Recatheterisation showed numerous right to left communications through the superior portion of the baffle anastomosis. A 17 mm and a 12 mm double umbrella device were implanted, with partial but not complete elimination of residual shunting. Nevertheless, resting room air arterial saturation rose from 87% to 93%. All patients are currently well, with normal growth patterns, and except for patient 6 (recently embolised), no cyanosis with activity has been documented. Formal exercise testing, however, has not been performed in all.
Discussion
Interatrial venous communications between coronary sinus and left atrium after the Fontan procedure have been reported previously, and the development of right to left shunt from a variety of unusual sources identified and discussed. [5] [6] [7] In this series, we observed unusual large communications originating from the right atrium communicating with the left atrium, not noted before surgery. We believe these communications represent normal vessels that exist under the normal circumstance of low right atrial pressure, and drain toward the right atrium. With the alteration in right atrial haemodynamics, after creation of an atrium dependent circulation, the channels enlarge, with reversal of flow towards the lower pressure left atrium.
Anatomically, the smallest cardiac veins (the so called Thebesian veins) and the anterior cardiac veins are the only cardiac veins that do not communicate with the coronary sinus, draining directly into the right atrium. The Thebesian veins consist of minute vessels that arise from the muscular wall of the heart, course on the anterior surface of the right atrium, and can be found in its internal surface.'314 The anterior cardiac veins consist of four small vessels that collect blood from the ventral portion of the right atrium and ventricle, opening separately between the pectinate muscles of the right atrial appendage through one or two orifices."516 Embryologically, the Thebesian veins represent persistence of the sinusoid spaces of the embryonic heart, and the cardiac veins represent an endothelial outgrowth from the left horn of the sinus venosus. Communications between these two venous systems have been documented. '7 18 In this series, all patients except patient 8 had a total cavopulmonary anastomosis using a lateral tunnel technique, with the orifice of the coronary sinus partitioned to divert flow into the pulmonary venous atrium (left atrium), in an effort to avoid potential impairment of ventricular function by high coronary venous pressure.19 To create the lateral tunnel, an incision is made along the superior border of the right atrial appendage, connecting with the pulmonary trunk. The tunnel is then inserted and sutured between vena caval veins within the right atrium, the superior suture line border frequently located within the pectinate muscles of the right atrial appendage. 20 We speculate that with partitioning of the right atrium, the raised systemic venous pressure creates a stimulus directing flow from that chamber to the lower pressure left atrium through these otherwise normal cardiac veins, resulting in cyanosis. With time these channels enlarge and become tortuous as they accommodate right atrial blood flow, accounting for these angiographic appearance. The third venous channel (patient 8) coursed subdiaphragmatically (similar to the inferior phrenic vein) and connected with the pericardial veins into the posterior wall of the left atrium. We also presume that its presence was stimulated by the raised systemic venous pressure in this patient.
Transcatheter umbrella closure and coil embolisation of congenital or postoperative cardiovasular defects (other than patent ductus arteriosus)6 21 have been well described and proven effective. The patient selection for umbrella or coil occlusion in this setting depended on the size and shape of the venous channel. Three patients with thin long and tortuous communications were ideally suited to spring coil embolisation, and complete occlusion resulted. In the remainder, whose venous channels were shorter and larger, occlusion was achieved with umbrella devices, though residual leaks were found in two of the five. These latter shunts were in part related to the superior suture line of the lateral tunnel and could perhaps be avoided by placement of the suture line outside the margin of the pectinate musculature and appendage. Conceivably, it may be possible to identify and ligate these vessels on the surface of the appendage if seen, although the anatomy is often distorted by scar and fibrosis from previous surgeries.
In all but one patient, the right atrial pressure was not increased beyond levels seen in the majority of patients after creation of an atrium dependent circulation.22 Additionally, ventricular morphology,' associated risk factors,23 or the effect of atrial fenestration8 did not appear to be protective or to predispose to the development of these communications. It would appear that the only commonly experienced event among these patients is an alteration in atrial physiology, though the degree of that alteration is variable. Why one patient might develop these shunts and another not is as yet unclear. Whether, with time, these communications will develop in the long term follow up of patients after the Fontan procedure is speculative, but a matter of concern.22 24 These observations support further investigation into the application of the extra-atrial baffle (to conduct inferior caval vein flow over the surface of the right atrium to the pulmonary arteries), although long term problems with this approach have also not been fully defined. 25 Anomalous atrial venous communications producing right to left shunt, though unusual, are encountered following a total cavopulmonary anastomosis. Although the small number of patients of the present study limits rigorous statistical analysis and the follow up is brief, this review confirms initial clinical experiences suggesting that transcatheter occlusion of such defects represents a technically feasible and effective method of non-surgical intervention.
